ABSTRACT: Synechococcus spp. constitute a major and ubiquitous component of marine ecosystems. The genome of one strain of this genus, WH8102, has recently been completely sequenced. Since it can also be genetically manipulated, this clone has the potential to become a new model organism; however, to date, it remains poorly characterised in terms of pigment composition, optical properties and photophysiology. It has a very high phycourobilin to phycoerythrobilin (PUB:PEB) ratio (ca. 1.95 at low light), and is therefore representative of Synechococcus populations found in oligotrophic areas of the ocean. We show here that this strain has a very wide growth irradiance range from <15 to > 650 µmol photons m -2 s -1 continuous white light, with a maximum growth rate (µ max = 1.13 ± 0.02 d -1 ) at 207 µmol quanta m -2 s -1 (I max ). As cells acclimated to high light, drastic variations in the chlorophyll a (chl a), β-carotene and phycoerythrin (PE) contents were observed, reaching a quasi steady state around I max . In contrast, the zeaxanthin content remained approximately constant whatever the light level. Similarly, the carbon and nitrogen contents did not significantly vary with irradiance. Red and orange fluorescences, as measured by flow cytometry, were found to correlate well with chl a and PE contents, respectively. Spectrometric analyses of phycobilisome (PBS)-containing fractions from cells grown under different photon fluxes suggest a specific reduction of the PEII content relative to other phycobiliproteins (PBPs) during acclimation of the PBSs to high light.
INTRODUCTION
Synechococcus spp. are small unicellular coccoid cyanobacteria found in very different habitats such as fresh waters, hot springs, and coastal and oceanic waters. Phylogenetic studies however reveal that species belonging to this assemblage are fairly dispersed within the cyanobacterial radiation, and therefore that Synechococcus does not correspond to a true genus (Urbach et al. 1998 , Herdman et al. 2001 . Still, most 'true' oceanic Synechococcus strains (i.e. those with an obligate requirement for elevated salt concentrations) isolated to date are gathered in 16S rRNA trees within a monophyletic branch, recently designated the '5.1 cluster' (Herdman et al. 2001) . All strains within this cluster (previously named 'marine cluster A'), but for a small group (see Fuller et al. 2003) , possess C-phycoerythrin (PE) as the major light-harvesting pigment. PE confers a bright orange autofluorescence on oceanic Synechococcus strains, a peculiarity which renders them easy to visualise by fluorescence microscopy or flow cytometry. Many ecological studies using these techniques have demonstrated that PE-containing Synechococcus cells (i.e. probable representatives of the 5.1 cluster) are pre-sent oceanwide from coastal to pelagic waters and from the equator to high latitudes (Olson et al. 1990 , Partensky et al. 1999a , Liu et al. 2002 . Thus, this cluster appears to be remarkably ubiquitous, even more so than its most closely related group in phylogenetic trees, the Prochlorococcus genus, the distribution of which is restricted to low latitudes (0 to 40°N/S; Partensky et al. 1999b) . Synechococcus abundances are often elevated in nutrient-rich coastal or mesotrophic waters (typically 10 4 to 10 5 cells ml -1
), but decrease dramatically in nutrient-poor pelagic waters. In contrast, Prochlorococcus cells are often as abundant in oligotrophic as mesotrophic waters although it may be scarce or even absent in upwelling or river-influenced coastal waters (Partensky et al. 1996 , Shalapyonok et al. 2001 , Jiao et al. 2002 . A number of studies indicate that when the water column is stratified, Prochlorococcus cells can occupy a deeper layer than do Synechococcus cells (see Partensky et al. 1999a ,b for reviews). It has clearly been shown that the large vertical distribution of Prochlorococcus was due to the occurrence of several genotypes (often called 'ecotypes') adapted to different light niches (Moore et al. 1998 , Moore & Chisholm 1999 , West & Scanlan 1999 , but whether such a phenomenon of light niche partitioning also occurs for marine Synechococcus is less clear (Ferris & Palenik 1998 , Fuller et al. 2003 , Scanlan 2003 , Toledo & Palenik 2003 . This question can only be solved by studying the individual photophysiological properties of representative PEcontaining Synechococcus strains. To date, only very few marine Synechococcus spp. have been characterised in this respect, including strains WH7803 (Kana & Glibert 1987a ,b, Kana et al. 1988 ) and WH8103 (Moore et al. 1995) . One obvious additional candidate for such a study is Synechococcus sp. WH8102, the genome of which has been fully sequenced by the Joint Genome Institute . This strain, a member of the 5.1 cluster, was selected for genome sequencing mainly because it can be genetically manipulated (Brahamsha 1996a) and because of its swimming ability (Brahamsha 1996b) ; however, to date, it remains poorly characterised in terms of pigment composition, optical properties and photophysiology, an issue that we address in the current paper.
Phycobilisomes (PBSs) of marine Synechococcus have a number of specificities with regard to other cyanobacteria (Ong et al. 1984 , Ong & Glazer 1987 , Swanson et al. 1991 . The phycobiliprotein (PBP) constituting the core of PBSs (allophycocyanin [APC] ) is well conserved both at the structural level and by the type of chromophore (PB) it binds (phycocyanobilin [PCB] ). Phycocyanin (PC) which constitutes the base of the rods is more specific and has been designated as R-PC class II (hereafter PCII; Ong & Glazer 1987) since, besides PCB (the only chromophore found associated to PC in freshwater species), it also binds phycoerythrobilin (PEB). However, the diversity of PC has only been studied in a few strains of the marine Synechococcus cluster 5.1 and whether presence of PCII is a general feature of this group remains to be checked. Another peculiarity so far only observed in the PBS of marine Synechococcus spp. is that the rod extremities are constituted by 2 structurally different forms of PE (PEI and PEII; instead of one as in other PE-containing cyanobacteria. PEII binds both PEB and phycourobilin (PUB). PEI binds either PEB alone (e.g. in strains WH7803 and WH8020) or both PEB and PUB (e.g. in strain WH8103), but, in the latter case, PEI binds fewer PUB molecules than does PEII . The total PUB:PEB ratio exhibits strong variations among PE-containing marine Synechococcus strains (Waterbury et al. 1986 ), resulting in wide variations in the optical properties and colour of cultures (from red to orange). Since PUB and PEB maximally absorb at ca. 495 and 545 nm, respectively (Ong et al. 1984) , variations in the relative composition of these 2 chromophores allow species of this genus to adapt to the wide range of light qualities naturally occurring in the marine environment. It has been clearly established that high PEB cells are predominant in green waters (i.e. coastal or mesotrophic areas), whereas the high PUB cells dominate in blue offshore waters (Olson et al. 1990 , Lantoine & Neveux 1997 , Wood et al. 1998 , 1999 , Sherry & Wood 2001 . Whether changes in PUB:PEB ratios occur over vertical light gradients is more controversial. Using microphotometry on individual Synechococcus cells from the Sargasso Sea, Campbell & Iturriaga (1988) found no significant variation with depth of the PUB:PEB ratio estimated from the ratio of fluorescence emissions at 575 nm measured after excitation at 490 and 543 nm. Using a flow cytometric method to assess the PUB:PEB ratio (i.e. the ratio of orange fluorescence emissions resulting from laser excitation at 488 and 515 nm), Olson et al. (1988 Olson et al. ( , 1990 ) also observed no clear trend of this ratio as a function of irradiance on both isolates and natural samples. In contrast, using spectrofluorimetry, Lantoine & Neveux (1997) did observe some variations of the PUB:PEB fluorescence excitation ratio with depth at 2 stations of the tropical NE Atlantic ocean, but because high and low PUB Synechococcus populations cooccurred at both stations, they could not unambiguously relate their observations to physiological processes. The extent of light-induced changes in the PUB:PEB ratio within a given genotype has been little explored to date, or only over a limited light gradient (see e.g. Palenik 2001 ). More generally, the mechanisms involved in the acclimation of Synechococcus to different growth irradiances or light climates are still barely known in these organisms. Determining the extent of the plasticity of the photosynthetic apparatus of representative individual strains is however critical for correctly interpreting or calibrating measurements performed on natural populations, such as flow cytometric or HPLC pigment analyses. To better understand photoacclimation processes in marine Synechococcus cyanobacteria, we studied the effects of different growth irradiances and light qualities on growth, cell and PBS pigment content as well as optical properties. For the present work, we mainly used the high PUB clone Synechococcus sp. WH8102, which since (1) its genome has been totally sequenced, (2) it can be genetically manipulated, and (3) it is representative of a group with major ecological significance will likely become a new model organism. For comparison, some measurements have also been carried out on 3 strains with different PUB contents (WH8103, WH7803 and Minos01).
MATERIALS AND METHODS
Culture conditions. The marine Synechococcus sp. clone WH8102 was grown in either 50 ml polystyrene culture flasks (Sarsted) or 1 l polycarbonate flasks (Nalgene) containing 0.2 µm filtered SN medium (Waterbury et al. 1986) . Three replicate batch cultures were maintained at ca. 24 ± 1°C under continuous white light provided by 12 Sylvania Daylight 58W/154 fluorescent tubes. For comparison of selected parameters, 3 other marine Synechococcus spp. clones (WH7803, WH8103 and Minos01) were also grown under the same conditions. The origin of all 4 strains is described in Fuller et al. (2003) . Cells were progressively adapted for at least 3 wk to 8 different continuous white irradiances ranging from 15 to 650 µmol photons m -2 s -1 obtained using various combinations of density and/or diffusion filters (LEE Filters, Panavision). Irradiances were measured in water with a LI-COR (LI-1000) quantameter equipped with a spherical probe (LI-COR SPQA).
The eventual ability of Synechococcus spp. strains to perform chromatic acclimation was studied by growing them under 3 different light qualities, i.e. bluegreen, green and red, using coloured filters (LEE Filters #183, #139 and #106, respectively). For better intercomparison, the irradiance level within the cultures was adjusted to 25 µmol photons m -2 s -1 . Growth rates and flow cytometric parameters. Aliquots of cultures grown under different light conditions were taken daily and preserved in 0.2% glutaraldehyde grade II (Sigma), frozen in liquid nitrogen and stored at -80°C. Cell concentrations were determined using a flow cytometer (FACSort, Becton Dickinson) for which laser emission is set at 488 nm. The flow rate was about 30 µl min -1 and the sheath fluid was filtered seawater diluted with 25% Milli-Q water as for the SN medium. Growth rates (µ in d -1 ) were computed as the slope of a Ln (Nt) vs time plot, where Nt is cell number at time t. The theoretical irradiance at which no growth occurs (I comp ) was extrapolated from the x-intercept for a linear fit to the lightlimited region of the µ vs log (I) plot.
Flow cytometric parameters including right-angle light scatter (RALS), orange (585 ± 21 nm) and red (> 650 nm) fluorescences were normalised with standard 0.95 µm YG beads (Polysciences) after analysing list mode files with the custom-designed freeware CYTOWIN (Vaulot 1989) . The forward angle light scatter (FALS) signal proved too wide to be exploited. Cells were also stained using a 1:10 000 dilution of a commercial solution of SYBR Green I (Molecular Probes), as previously described (Marie et al. 1999) to check for bacterial contamination.
Pigment analyses. The chlorophyll a (chl a) and carotenoid cell concentrations were determined for each culture after methanolic extraction using a HPLC Hewlett Packard 1100 system equipped with a C 18 column (Agilent LiChrospher ® 100 RP-18, 5 µm), a diode array detector and quaternary pump system HP1100.
A known number of cells was harvested and resuspended in 1 ml extraction solvent (0.01 M ammonium acetate in methanol) and sonicated (Ultrasonic Processor 50) with rapid pulses at 50 W in the dark at 4°C. All following manipulations were carried out under these conditions. After a 2 h incubation under N 2 atmosphere and strong vortexing, the extract was centrifuged for 12 min at 19 400 × g and the supernatant was filtered on a 0.2 µm filter (Sartorius Minisart). Absorption spectra of the pigment extracts were then recorded with a double beam spectrophotometer (UV/Vis UVIKON 943) and normalised at 665 nm (red chl a maximum). A 100 µl aliquot of the methanol extract was injected in the HPLC system in the presence of lycopene as an internal standard. Pigments were separated in reversed phase with the solvent gradient adjusted as described by Wright & Jeffrey (1997) . The apparatus response was previously calibrated with pure standard pigments (all from Sigma Aldrich but zeaxanthin from Extrasynthese). Chromatograms were monitored with the software HP ChemStation (Hewlett Packard).
For extracting PBSs and estimating PE concentrations, cells were resuspended in 1 ml 0.75 M phosphate buffer (60% K 2 HPO 4 , 40% NaH 2 PO 4 ) and sonicated in the dark at 4°C in the presence of 1 mM antiprotease cocktail (benzamidine, phenylmethylsulfonyl fluorure and ε-amino-n-caproic acid; all from Sigma Aldrich). Use of such a high ionic strength buffer allowed the integrity of PBS particles to be well preserved, which in these conditions retain all PBPs and their linker polypeptides and remain energetically connected, as was checked by biochemical and optical analyses (data not shown). After a 20 min incubation and strong vortexing, the aqueous extract was centrifuged for 12 min at 19 400 × g. The supernatant was then centrifuged for 1 h at 130 000 × g at 4°C in a Beckman XL-70 ultracentrifuge in order to eliminate any traces of chl a. Absorption spectra were then recorded. The PUB:PEB, PUB:PCB and PEB:PCB ratios were calculated using the optical densities at 492, 543 and 640 nm, which are the major absorption maxima of PUB, PEB and PCB at low light, respectively (see below). The extraction procedure was applied a second time and the 2 supernatants were pooled. PE concentration was assessed from these PBS-enriched fractions with a double beam spectrophotometer (UV/Vis UVIKON 943) using an extinction coefficient at 492 nm of 2.78 × 10 6 M -1 cm -1 (Ong et al. 1984 ) and the molecular weight (240 kDa) of PEII estimated by for Synechococcus sp. WH8103, a high PUB strain phylogenetically closely related to WH8102 (Fuller et al. 2003) . This method somewhat underestimates the total PE pool for several reasons. First, presence of linkers may influence the extinction coefficient of PBPs (Glazer 1985 (Glazer , 1989 . Second, our PBS preparations also contained PEI, which besides PEB also binds PUB, although to a lesser extent than does PEII (data not shown). And third, despite a second extraction step which increases the yield of PBS particles, this yield was likely lower than 100%, since PBS are notoriously difficult to extract. Because of these limitations, the absolute cell PE contents reported in Table 1 are only semi-quantitative. Carbon and nitrogen measurements. Cells were filtered on 25 mm GF/F filters previously burnt for 5 h at 500°C in an oven (Thermolyne Sybron, type 6000 furnace) to remove any trace of organic matter. Caution was taken to avoid any contamination during filtration. Samples were immediately frozen at -80°C until analysis. Carbon and nitrogen concentrations were determined using a NA2100 Protein analyser (CE Instrument) after calibration with an Orchard Leave standard (49.17% C, 2.38% N). Values were corrected from the signal induced by the filters and the tin capsules.
Our cultures were slightly contaminated by one small homogeneous bacterial population, as determined by flow cytometry, after DNA staining, from its narrow DNA fluorescence and RALS distribution peaks which were similar in all samples. After its concentration was accurately determined, we corrected the C and N contents of Synechococcus cells (hereafter Cs and Ns, respectively) by subtracting the bacterial C and N assuming 20 fg C and 5.6 fg N per bacterial cell (Lee & Fuhrman 1987 , Liu et al. 1999 ).
In vivo absorption spectra. After concentrating cultures in exponential phase by gentle centrifugation (6000 × g for 10 min), in vivo absorption spectra were recorded with a double wavelength spectrophotometer (Aminco Chance, model DW2). Spectra were recorded between 400 and 750 nm at a 0.5 nm resolution and a speed of 120 nm min -1 . The optical density at 750 nm (A 750 ) can be used as an index of cell concentration (Duke et al. 1989) . Absorbance indexes on a per cell number basis were calculated at each growth irradiance for chl a, PUB and PEB, as follows:
where A λ is the absorption at wavelength λ (nm). Such indexes give an indication of the quantity per cell of a given pigment in a sample culture. The blue to red ratio (B:R; Mitchell & Kiefer 1988) was calculated by dividing the absorption values at 437 and 680 nm.
Fluorescence measurements at room temperature. Cells from an exponential phase culture were incubated for several minutes in the dark. Then, in vivo fluorescence spectra at room temperature were recorded in a quartz cuvette with a Perkin Elmer LS50B spectrofluorimeter equipped with a red sensitive photomultiplier. Spectra were monitored with the Perkin Elmer FL WinLab software using the correction mode for excitation. Emission spectra were recorded between 530 and 750 nm with an excitation at 492 nm (λ max absorption of PUB) and excitation spectra between 420 and 550 nm with an emission wavelength at 566 nm (λ max emission of PE). Both spectra were recorded at 150 nm min -1 and the slits were fixed at 7.0 nm. Fluorescence emission spectra were then normalised at the PC emission maxima for comparison.
RESULTS

Growth rate
Synechococcus WH8102 was successfully grown over a wide range of growth irradiance (from 15 to 650 µmol photons m -2 s -1 continuous white light) after cells were progressively acclimated to higher irradiance by ca. 2× increase steps (Table 1) . Sharp transitions (≥ 5 to 6×) from low to high growth irradiance generally led to photoinhibition of cell growth and death of the major part of the population. Furthermore, even when adapted to high light, cultures collapsed rapidly once they had reached their maximal yield, whereas under low light they could remain in stationary phase for several weeks (data not shown ) and all grew faster at high than at low light, although their growth rates were not precisely measured (but see Kana & Glibert 1987a and Moore et al. 1995 for the first 2 strains, respectively).
Comparison of growth rates of Synechococcus sp. WH8102 under different light qualities at a fixed growth irradiance of 25 µmol photons m -2 s -1 shows that blue-green light is optimal for growth (µ = 0.72 ± 0.03 d 
Pigment content
HPLC analysis revealed the occurrence of only 3 major pigments in methanolic extracts identified as zeaxanthin, chl a and β-carotene, as classically observed in marine Synechococcus (see e.g. Kana et al. 1988) . Chl a and β-carotene cell contents showed a similar decrease with growth irradiance (Table 1) Table 1 ). Consequently, the zeaxanthin:chl a ratio showed an exponential increase with increasing irradiances from about 0.11 at 15 µmol photons m -2 s -1 to 1.42 at 650 µmol photons m -2 s -1 (Table 1) .
Although being semi-quantitative (see 'Materials and methods'), measurements of the cell PE content clearly point out the strong variation of this pigment occurring in response to increasing growth irradiances (i.e. a ca. 20-fold decrease from 15 to 650 µmol photons m -2 s -1
; Table 1 ).
Carbon and nitrogen content
Notwithstanding the presence of one small bacterial contaminant in our cultures, the C and N contents of Synechococcus WH8102 could reasonably be assessed after accurate counting of Synechococcus and bacterial cells by flow cytometry. Despite some scatter in our data set, it appears that the elemental composition of Synechococcus WH8102 does not significantly vary with increasing irradiances (Table 1 ). Its C content (Cs) averaged 279.1 ± 84.2 fg cell -1 and its N content (Ns) averaged 70.8 ± 20.9. The mean Cs:Ns ratio was 4.59 ± 0.31 (mol:mol) and was not significantly different from the Ct:Nt ratio measured for the whole cultures, including the contaminant bacteria (4.52 ± 0.22; mol:mol).
Flow cytometric parameters
Cultures of Synechococcus sp. WH8102 grown under low and high photon flux densities displayed very different flow cytometric signatures (bi-parametric cytograms not shown). These differences were mainly attributable to dramatic variations in relative red fluorescence (RF) and orange fluorescence per cell (OF) which decreased by 90 and 75%, respectively, between 15 and 650 µmol photons m -2 s -1 (Fig. 1A) . RF was strongly correlated to chl a content and the relation was linear over the whole range of growth irradiances (RF = Table 1 . Synechococcus sp. WH8102. Variations of growth rate (µ), carbon (Cs), nitrogen (Ns) and pigment content (chl a, zeaxanthin, β-carotene and phycoerythrin) and ratios of cells grown over a range of continuous white irradiances (n = 3 except for phycoerythrin for which n = 2); nd = no data correlation to PE content (OF = 0.027 [PE] + 0.144; r 2 = 0.76, n = 8), probably due to some scatter in the PE data. In contrast, light scatter signals (RALS) did not vary significantly with growth irradiance (Fig. 1B) . The average RALS value normalised to 0.95 µm reference beads was 0.27 ± 0.06. . Under the latter light conditions, the PUB peak is about twice higher than the PEB peak (at 543 nm; Fig. 2A ). Thus, Synechococcus sp.
Absorption properties of whole cells and pigment extracts
WH8102 has a very high PUB:PEB ratio. The aspect of in vivo absorption spectra normalised to the red peak varied tremendously in the 400 to 550 nm part, as a result of the dramatic light-induced changes in pigmentation mentioned above. Indeed, as light increased, the relative contributions of chl a and PEB decreased tremendously, whereas that of zeaxanthin became more and more preponderant. This dominance of the contribution of zeaxanthin at high light appears clearly when looking at spectra of methanolic extracts at 445 or 650 µmol photons m -2 s -1 (Fig. 2B) , which in their blue part closely match with the absorption spectrum of pure zeaxanthin (Fig. 2B, insert) . The contribution of PCB (λ max = 630 nm) is hard to differentiate from that of the absorption band of chl a in the same region. Pigment absorbance indexes (see 'Materials and methods') can be used to approximate the contents of major pigments (Fig. 3A) . I chl a and I PEB clearly followed a similar pattern with a 75 and 73% decrease, respectively, from 15 to 650 µmol photons m -2 s -1
, whereas for I PUB , the apparent decrease was lower (45%) because of the counter- . Spectra were equalised at 750 nm and normalised at the red chl a maximum (ca. 680 nm). AU = arbitrary units acting influence of carotenoids ( Fig. 2A) . Thus, when carotenoids become abundant in the cell, the PUB absorbance index is no more relevant. Fig. 3B shows the relative light-induced changes in absorbance ratio at wavelengths corresponding to the 2 major chl a peaks (B:R ratio). The B:R ratio displayed a linear increase with growth irradiance with a 4-fold increase between 15 and 650 µmol photons m -2 s -1 . There was no drastic alteration of the in vivo absorption spectrum when Synechococcus cells were grown under white, red or green light at 25 µmol photons m -2 s -1 (data not shown). However, a slight decrease in the relative contribution of PE and chl a could be seen under blue-green light, comparable to that resulting from a slight increase in growth irradiance.
Absorption spectra of PBS-enriched fractions
Absorption spectra of thylakoid-free fractions of soluble proteins containing intact PBS in 0.75 M phosphate were performed in order to study the lightinduced changes in chromophore contents within the PBS (Fig. 4A ). The PEB:PCB and PUB:PCB ratios both decreased by a factor of ca. 4-fold between 15 and 650 µmol photons m -2 s -1 (Fig. 4A,B) . Interestingly, the PEB makes a broad band comprising 2 major components at ca. 538 and 561 nm. Interpretation of these peaks is somewhat complex. Indeed, it has been shown in Synechococcus sp. WH8103 that the PEB associated to PEII has an absorption maximum at 543 nm, to PEI at 550 to 563 nm and to PCII at 533 and 554 nm (Ong & Glazer 1987) . It is reasonable to assume that the PEB bound by PEII is the major contributor to the 538 nm component, even if PEI should also contribute to it to a lesser extent. The 561 nm component must integrate contributions of both PEI and PCII (Ong & Glazer 1987 . Thus, the strong relative decrease in the 538 nm band at high light with regard to the 561 nm band likely indicates a sharp decrease in the PEII content within the PBS rods. The PCB, which is associated to both PCII and APC, exhibited a maximum at 640 nm at all irradiances tested. PUB:PEB ratios were computed from these absorption spectra (Fig. 4B) . Contrary to those derived from fluorescence excitation spectra (see below), they did not show a statistically significant trend with irradiance (PUB:PEB avg = 1.78 ± 0.11, n = 12).
Fluorescence properties
Fluorescence emission spectra of whole Synechococcus sp. WH8102 cells at room temperature with excitation at 492 nm (i.e. in the maximum absorption band of PUB) showed 2 main peaks at 566 to 572 nm and 650 nm (Fig. 5A ), attributable to PE and PC, respectively . A third maximum at 680 nm most likely originates from a chl a terminal energy acceptor (Hassidim et al. 1997) , although APC forms acting as terminal acceptors in the PBS are also expected to fluoresce in this region. The shift in the position of the PE peak from 566 ± 0.6 nm at low light to 572 ± 1.0 nm at the highest growth irradiance (Fig. 5A) indicated a change in the relative proportion of PEI and PEII (see 'Discussion'). With increasing growth irradiances, the relative height of the PE band dramatically decreased relative to the PC peak. Similar variations of the fluorescence emission peaks were observed at 77°K (data not shown). The PE:PC peak ratio decreased from 4.54 ± 0.48 at 15 µmol photons m -2 s -1 to 2.17 ± 0.23 at 650 µmol photons m -2 s -1 (Fig. 5B) . The ratio of the 680 nm fluorescence emission band to PC emission maximum (680:PC) exhibited a slight decrease with increasing growth irradiances (Fig. 5B ). This suggests that at high light, PBSs might be partially disconnected from RCIIs. However, this decrease is hard to unambiguously interpret since it is not possible to discriminate between the relative contribution to the 680 nm band of the fluorescence associated to chl a forms of PSII from that linked to the terminal acceptors of PBS.
In vivo fluorescence excitation spectra of the PE emission band showed 2 peaks at 492 and 543 nm due to PUB and PEB, respectively (data not shown; see e.g. Lantoine & Neveux 1997) . The PUB:PEB ratio of Synechococcus sp. WH8102 cells, as determined from the ratio of excitation peak maxima at 492 and 543 nm (Exc 492:543), varied slightly from 1.95 at low light down to 1.5 at high light (Fig. 6A ). For comparison, we also followed the variations of the PUB:PEB ratio in 3 other strains: WH7803, WH8103 and Minos01. All strains showed a small but significant decrease in this ratio with increasing irradiance, with the high PUB strains WH8102 and WH8103 displaying the lowest relative change with irradiance (Fig. 6B) . It is noteworthy that for all strains the decrease was more marked at the 3 highest irradiances tested than over the rest of the gradient.
Growing Synechococcus spp. strains under different light qualities, but at a fixed irradiance, did not induce any clear alterations of the PUB:PEB ratio of the cells, except that under blue-green light, Exc 492:543 was always slightly lower than under other light colours in all strains (data not shown).
DISCUSSION
Photophysiology and niche adaptation
Although it is routinely maintained at 20 to 30 µmol photons m -2 s -1 in culture (see e.g. Brahamsha 1996a,b), Synechococcus sp. WH8102, which has one of the highest PUB:PEB ratios ever reported among isolates in culture (1.95 at low light; Waterbury et al. 1986 , Toledo et al. 1999 , Fuller et al. 2003 , can in fact be grown over a wide range of growth irradiance. Its compensation irradiance for growth, i.e. the light level at which no growth occurs (I comp calculated from data in Table 1 ), was as low as 2 µmol photons m -2 s -1
, and its growth rate reached a maximum at 207 µmol photons m -2 s -1 (µ = 1.13 ± 0.02 d -1
) and remained quite high (µ > 0.85 d -1 ) up to 650 µmol photons m -2 s -1 . Furthermore, Synechococcus sp. WH8102 grows at higher rates under blue-green than white or green light, and it has an even lower I comp under those wavelengths (ca. 450 to 475 nm) that penetrate the deepest in oligotrophic waters (Morel 1978) .
Synechococcus sp. WH7803, which has a PUB:PEB ratio of only 0.40 at low light (Fig. 6A) , has previously been shown to be able to grow under continuous irradiances up to 2000 µmol photons m -2 s -1 (Kana & Glibert 1987a) .
Extrapolation of the growth curve of WH8102 towards higher irradiances suggests that the growth rate of this strain would be significantly lowered at such a high irradiance. This is confirmed by failed attempts to grow this strain at 1000 µmol photons m -2 s -1 continuous white light (data not shown). Thus, this high PUB strain seems to be more sensitive to very high photon fluxes than the low PUB strain WH7803. In contrast, WH8102 might perform better at very low light since it has a lower compensation irradiance for growth than WH7803 (I comp ≈ 2 and 13 µmol photons m -2 s -1 , respectively; the latter value was estimated from ), considering that the latter were grown under a 14:10 h light:dark cycle (Moore et al. 1995) . However, growth of SS120 is completely inhibited at 200 µmol photons m -2 s -1 , which is the optimal growth irradiance (I max ) for WH8102, and MED4 has an I max at only 90 ± 1.0 µmol photons m -2 s -1 and its growth rate is significantly lowered at 450 µmol photons m -2 s -1 (Moore et al. 1995) . Thus, Synechococcus sp. WH8102 appears to be adapted to a wider light gradient than individual Prochlorococcus isolates. Interestingly, comparison of the genomes of Synechococcus sp. WH8102 and 2 Prochlorococcus spp. strains (MED4 and MIT9313) also led Palenik et al. (2003) to conclude that Synechococcus was more of a generalist, based on its more complete set of genes for a number of key metabolic functions.
The maximum growth rate of Synechococcus sp. WH8102 (µ max = 1.13 ± 0.02 d -1 ) is significantly higher than that of Prochlorococcus SS120 and MED4 (µ max = 0.53 and 0.63 d -1 , respectively) but compares well with that of the high PUB Synechococcus sp. strain WH8103 (µ max = 1.0 ± 0.1 d -1
; Moore et al. 1995) . However, the low PUB strain WH7803 grows almost twice as fast (µ max = 1.87 d -1 at 22 to 23°C; Kana & Glibert 1987a) . Comparing the estimated growth rates of 'dim' (i.e. low PUB) and 'bright' (i.e. high PUB) Synechococcus spp. at different depths in the Arabian Sea, Liu et al. (1998) also observed that at 2 stations during the early NE monsoon, 'dim' cells in the upper layer had a higher growth rate than 'bright' cells (1.5 to 1.9 d -1 and 0.9 to 1.1 d -1 , respectively; their Fig. 7 ). However, rates were not significantly different (ranging from 0.6 to 2.0 d -1 ) for the 2 cell types during the late SW monsoon, so this observation apparently cannot be generalised.
Light-induced changes in the structure of the photosynthetic apparatus
Synechococcus sp. WH8102 acclimates to changes in growth irradiances by drastic variations in the relative content of chl a, β-carotene and PBPs, whereas zeaxanthin remains at a quasi constant level whatever the irradiance. The contrasting behaviour of these pigments translates into dramatic modifications of the shape of absorption spectra between low and high light (Fig. 2) . The apparent dominance of the zeaxanthin contribution in the blue region of these spectra at high light as well as the strong light-induced increase in the zeaxanthin:chl a ratio (Table 1 ) raise questions about the photoprotective role of this xanthophyll. Constancy of the zeaxanthin content has been reported for other marine Synechococcus strains and was generally interpreted as an argument for a major localisation of this pigment in membranes other than thylakoids (Kana et al. 1988 , Moore et al. 1995 , Lutz et al. 2001 . In freshwater cyanobacteria, the bulk of zeaxanthin has been reported to be located within the cell envelope (plasma and/or outer membrane; Murata & Omata 1988 , Reddy et al. 1993 , Wu & Krogmann 1997 , and this is possibly the case in marine Synechococcus as well. However, in contrast to what is observed, e.g. in the freshwater Synechococcus sp. PCC7942 (Reddy et al. 1993 , Masamoto et al. 1999 , there is no apparent active accumulation of this zeaxanthin pool in marine Synechococcus. This seemingly 'passive' zeaxanthin pool may still have a limited role as a 'sunscreen' in these cells at high light, but only by virtue of the sharp reduction of thylakoid surfaces at high light, as observed in Synechococcus sp. WH7803 by Kana & Glibert (1987a) . In photosynthetic eukaryotes, zeaxanthin generated in the thylakoid membranes via the xanthophyll cycle operation, is known to be involved in the de-excitation of singlet or triplet chlorophylls and in the elimination of noxious activated oxygen species generated by the photooxidation of chlorophylls (see e.g. Young & Britton 1993 , Niyogi 1999 . A zeaxanthin pool located within the thylakoids is therefore much more critical for photoprotection processes than is a zeaxanthin pool remote from the photosynthetic pigment-protein complexes. The preliminary characterisation of thylakoid fractions from Synechococcus sp. WH8102 suggests that there is indeed a pool of zeaxanthin associated with thylakoids (C. Six unpubl.). It is not unlikely that this thylakoid pool constitutes a significant part of the total zeaxanthin pool in marine Synechococcus, but remains globally constant whatever the light level. With the sharp reduction in the number of thylakoid rows at high light (Kana & Glibert 1987a) , the number of zeaxanthin molecules per thylakoid surface would significantly increase; and therefore could have an active photoprotective role after their redeployment over the remaining membranes. Confirmation of this role awaits the construction and characterisation of knock-out mutants deprived in their ability to synthesise zeaxanthin, but our trials to obtain such mutants have failed to date, possibly because this mutation is lethal (data not shown).
The strong decrease in the PE content per cell (Table 1) as well as in PEB and PUB absorbance indexes (Fig. 3A) at high light is attributable not only to the decrease in number of PBS per cell, mainly due to the reduction of the total thylakoidal surface, but also to structural changes within the PBSs themselves. Indeed, both fluorescence emission spectra of whole cells (Fig. 5 ) and absorption spectra of PBSs (Fig. 4) show that the PE amount sharply decreases with regard to PC, indicating that the PE rod extremities are shortened in response to high light. A similar response was reported for the PE-rich PBSs of the red alga Rhodella violacea (Bernard et al. 1996) . A small but significant red shift in the position of the PE fluorescence emission peak (from 566 to 572 nm, Fig. 6 ) further suggests a progressive reduction in the PEII:PEI ratio. Indeed, PEI and PEII exhibit distinct fluorescence emission wavelengths at 573 and 565 nm, respectively . A comparable red shift (from 565 to 570 nm) had previously been observed at an oligotrophic station of the tropical NE Atlantic between depth and surface Synechococcus spp. (Lantoine & Neveux 1997) . This shift suggests that rod extremities constituted by PEII molecules are specifically affected during the PBS rod shortening at high light. Presence of the PUB-richer PEII form at the most distal part of PBS rods is consistent with the fact that the energy flow is assumed to go from the PUB to the PEB chromophores (Glazer 1989) . Another interesting observation is the small but significant reduction of the PUB:PEB excitation ratio (Exc 492:543 ratio) at high light that we observed with 4 different Synechococcus spp. strains (Fig. 6) , a phenomenon which may also be attributed to the reduction in PEII:PEI ratio. Lantoine & Neveux (1997) observed such a decrease in the Exc 495:545 ratio with depth, but only at nutrient-rich stations where there was co-occurrence of high and low PUB strains, but not at an offshore station dominated by high PUB genotypes at all depths. We show here that this phenomenon does occur in high PUB strains, but that the relative variations of PUB:PEB are fewer than in low PUB strains (Fig. 6B) , which may explain why this phenomenon has not been seen to date for high PUB populations in the field. We attribute the lower variation of the PUB:PEB ratio in high PUB strains in part to the fact that PEI in these strains may be richer in PUB . Hence, in absorption spectra, contribution of PEB associated to PC may interfere with that of the PEB associated to PEs (Fig. 6 ) and this could explain why we did not detect any significant light-induced variations of the PUB:PEB ratios derived from absorption measurements (Fig. 4B) .
Chromatic adaptation
Many cyanobacteria have the ability to modulate the relative composition of their PBSs in response to changes in light climate (Grossman et al. 1994 ). This process is termed Group III chromatic adaptation (CA) when PC and PE concentrations show inverse variations after a shift from red to green light (or vice versa), or Group II CA when only PE concentrations vary following such a shift (Tandeau de Marsac & Houmard 1988) . Group III CA has been well characterised in freshwater cyanobacteria (see e.g. Campbell 1996, Allen & Matthijs 1997), but it does not seem to occur in marine Synechococcus spp. strains. Hauschild et al. (1991) considered that Synechococcus sp. WH7803 exhibited a Group II CA since they measured a larger PE:C ratio for cells grown under green rather than red light, but a similar PC:C ratio, despite a larger growth rate under the former condition. There is doubt however that, as these and other authors did, reliable PC concentrations can be derived from absorption measurements of whole marine Synechococcus spp. cells using Kursar & Alberte's (1983) equations designed for quantifying C-PC from the red alga Neoagardhiella. Palenik (2001) reported another form of CA that could be called Group IV CA (B. Palenik pers. comm.) in 3 marine Synechococcus strains: when shifted from blue to either green or white light, these strains displayed a strong (ca. 2 to 3×) decrease in PUB:PEB ratio (determined from their Exc 495:545 ratio). In contrast, no significant variations in the Exc 495:545 ratio was found over a (limited) white light gradient nor after submitting cells to different N stresses. Five other strains were screened by Palenik (2001) , including WH8103, and did not show any blue light-induced increase in their Exc 495:545 ratio. In the present study, we have extended this study to WH8102, WH7803 and Minos01, and similarly none of them displayed Group IV CA (data not shown), although all strains exhibited a lower Exc 492:543 ratio at high compared to low light (see above). Growth under bluegreen light induced an increase in the growth rate of WH8102 (see 'Results') and a slight decrease in its Exc 492:543 ratio (from 1.85 to 1.80) relative to an equivalent white photon flux density. These variations seem to simply result from the fact that blue-green light is more efficient than white light for growth (due to strong absorption by PUB in the blue part of the visible spectrum), and therefore Synechococcus sp. WH8102 cells acclimate to a shift from white to blue light (at constant irradiance) as if it was a mere increase in white irradiance.
Biomass indicators and flow cytometry
One major interest of studying the photophysiology of Synechococcus isolates is to be able to estimate pigment and elemental composition of natural populations of these organisms. The good correlations found over the whole irradiance range between chl a content and RF and between PE content and OF suggest that these flow cytometric fluorescence signals can be used to estimate Synechococcus pigment contents in the field. Although correlation coefficients derived from culture isolates might actually be hard to apply to the heterogeneous Synechococcus spp. populations generally found in coastal and mesotrophic waters, this approach should at least be applicable for the quasi pure high PUB populations generally found in warm oligotrophic areas which have fairly homogeneous optical properties (Olson et al. 1990) .
The good linearity between chl a content and RF is likely due to the weak package effect (i.e. self-shading) in Synechococcus spp. cells compared to largersized phytoplankton cells in which package effect may significantly affect this linearity (Sosik et al. 1989) .
Both the RALS signal and cellular C and N contents of WH8102 appeared fairly constant with irradiance. The average C content (279 ± 84 fg C cell , depending on the culture medium) and also agrees well with that reported by Kana & Glibert (1987a) for WH7803 (250 ± 50 fg C cell -1 ). In contrast to the latter authors, we observed no variations of the C:N ratio with growth irradiance and the average C:N ratio of WH8102 (4.6 ± 0.3) was at the lower range of those they measured in WH7803 (4.5 to 6.3), i.e. well below the Redfield ratio of 6.6 (Redfield 1958) . Chemostat cultures of WH7803 showed even higher fluctuations of the C:N ratio, from ca. 10.0 in the most N-limited cultures to 5.1 in N-replete cultures (Liu et al. 1999) . These chemostat experiments also demonstrated that low N conditions exert a similar effect of decreasing Synechococcus pigment content as does high light. The combined effects of low N and high light that Synechococcus cells experience in the upper mixed layer may therefore induce even smaller pigment contents as we observe here in our N-replete cultures grown at very high light. However, the N limitation could also have an effect on other cellular char-acteristics as well, such as the C:N ratio. Thus, further lab studies which combine the 2 types of stress (low N, high light) would be required to determine the true limits of the pigment content and elemental composition of Synechococcus cells.
